Abstract We report expression system-dependent effects of heterozygous mutations (P769L and A1059S) in the Cav3.2 CACNA1H gene identified in a pediatric patient with chronic pain and absence seizures. The mutations were introduced individually into recombinant channels and then analyzed by means of electrophysiology. When both mutants were coexpressed in tsA-201 cells, we observed a loss of channel function, with significantly smaller current densities across a wide range of voltages (−40 to +20 mV). In addition, when both mutant channels were co-expressed, the channels opened at a more depolarizing potential with a~5-mV right shift in the half-activation potential, with no changes in half-inactivation potential and the rate of recovery from inactivation. Interestingly, when both mutants were co-expressed in the neuronalderived CAD cells in a different extracellular milieu, the effect was remarkably different. Although not statistically significant (p < 0.07), current densities appeared augmented compared to wild-type channels and the difference in the halfactivation potential was lost. This could be attributed to the replacement of extracellular sodium and potassium with tetraethylammonium chloride. Our results show that experimental conditions can be a confounding factor in the biophysical effects of T-type calcium channel mutations found in certain neurological disorders.
Introduction
The CACNA1H gene encodes the pore-forming α1 subunit of the T-type calcium channel isoform Cav3.2 [1] . T-type channels are a family of low-voltage-activated (LVA) Ca 2+ channels that are important regulators of neuronal excitability. They can be activated by small depolarizations of the plasma membrane, and Ca 2+ influx through these channels triggers low-threshold spikes that facilitate the generation of Na + -dependent bursts of action potentials [2] . This feature is particularly important in the thalamocortical network, where T-type channels contribute to its burst firing and oscillatory behavior [3] and are known to play a role in idiopathic generalized epilepsies (IGEs) [4] . In fact, a number of mutations in human Cav3.2 channels have been linked to epileptic disorders such as childhood absence epilepsy (CAE), febrile seizures (FS), myoclonic-astatic epilepsy (MAE), and juvenile absence epilepsy (JAE) [5] [6] [7] [8] . In addition to regulating neuronal firing, T-type channels are also known to contribute to neurotransmitter release at dorsal horn synapses, playing an important role in the transmission of pain signals [9, 10] . Therefore, blocking Cav3.2 channels or knocking down its expression in nociceptive dorsal root ganglion (DRG) neurons results in antinociceptive, antihyperalgesic, and anti-allodynic effects [11] [12] [13] . Although upregulation and increased activity of Cav3.2 channels are associated with chronic pain in animal models [14] [15] [16] , no mutations in the human CACNA1H Cav3.2 gene have been linked to pain conditions in patients so far.
A 14-year-old female patient presented a number of chronic conditions including absence epilepsy, body-wide chronic pain, irritable bowel, asthma, and reflux. The patient was originally asymptomatic, but her symptoms started after a case of mononucleosis at the age of 9. Whole exome sequence analysis revealed two heterozygous missense mutations in the CACNA1H gene, c.2306C>T (p.P769L), inherited from her mother, and c.3175G>T (p.A1059S), inherited from her father. The mutations were not predicted to be pathogenic using two different programs (PolyPhen, SIFT), although the variant A1059S has been previously associated to epilepsy in at least three families [6] . The parents who carry the heterozygous individual mutations are asymptomatic. In a cohort of 60, 000 control subjects listed in Exome Aggregation Consortium (ExAC) database, the A1059S variant appears 720 times, but the P769L mutation is rare (five occurrences).
Considering the involvement of Cav3.2 channels in both epilepsy and chronic pain, we investigated the functional consequences of having both the patient's missense mutations expressed as separate cDNA constructs in tsA-201 and neuronal CAD cells.
Material and methods

Patient and exome sequencing
An exome sequencing report from the health care provider was provided to us by the patient. According to the documentation, exome sequencing was performed using the Agilent SureSelect Human all Exon 50Mb XT kit and an Illumina HiSeq2500. In total, 10,188,523,696 bases of sequence were generated and uniquely aligned to both the human reference genome and mitochondrial genome, generating a mean coverage of 135× per base within the RefSeq protein-coding bases of the human genome.
Consent
Informed consent was obtained from the mother for the publication of this article.
Molecular cloning
Wild-type (wt) human HA-tagged Cav3.2 α1 subunit [accession NM_021098.2] in pcDNA3.1 was used for insertion of P769L and A1059S missense mutations. Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Agilent Technologies) as per manufacturer's instructions. After mutagenesis, each construct was validated by sequencing of the cloned region.
Cell culture and transient transfection
Human embryonic kidney tsA-201 and neuronal-derived CAD cells were cultured and transiently transfected using the calcium phosphate method as described previously [17] . Cells were plated on glass coverslips and transfected with either 3 μg of wtCav3.2 cDNA, 3 μg of cDNA for the mutants when they were individually expressed, or 1.5 μg of cDNA of each Cav3.2 mutant (P769L + A1059S) when co-expressed, and 0.5 μg of pEGFP was included to identify transfected cells. CAD cells were grown at 37°C for 72 h after transfection while tsA-201 cells were kept at 30°C for the same period of time.
Cell surface biotinylation
Cells transfected with wtCav3.2 and mutants were washed with ice-cold HEPES-based saline solution (HBSS) and incubated on ice for 15 min to stop trafficking of proteins. Surface proteins were biotinylated for 1 h on ice with 1 mg/ml of EZLink Sulfo-NHS-SS-Biotin (Thermo Scientific). The reaction was quenched with 100 mM glycine for 15 min, and cells were lysed in modified RIPA buffer (in millimolar: 50 Tris, 150 NaCl, 5 EDTA, 1 % Triton X-100, 1 % NP-40, 0.2 % SDS, pH 7.4) for 45 min. Protein quantification was performed using the Bio-Rad protein assay dye, and 2 mg of lysates was incubated with 100 μl of Neutravidin beads (Thermo Scientific) for 1.5 hour at 4°C. Beads were washed three times with lysis buffer and proteins eluted with 2× Laemmli sample buffer. Biotinylated proteins and lysates were resolved by SDS-PAGE and analyzed by western blot using the antibodies 1/500 anti-Cav3.2 (Novus Biologicals) and 1/5000 anti-Na + /K + ATPase (Abcam). Quantification of surface and total expression was performed using the ImageJ software (National Institute of Health). For each experiment, background was subtracted and integrated density of bands was measured and normalized by Na + /K + ATPase signal for loading control.
Voltage clamp recordings
Electrophysiological recordings were performed according to the whole cell configuration of the patch-clamp technique 72 h after transfection at room temperature (22-24°C Currents were recorded using an Axopatch 200B amplifier (Molecular Devices), by applying 250-ms pulses between −90 and 40 mV in 10-mV increments from a holding potential (V h ) of −100 mV. Density current-voltage (I-V) relationships were generated from the peak current obtained during the pulses divided by whole cell capacitance. The I-V relationships were fitted with a Boltzmann equation of the following form:
, where I is the peak current, V m is the membrane potential, V 1/2 is the voltage for half activation, V r is the reversal potential, and k is the slope factor.
Steady-state inactivation was measured by applying 1-s conditioning pulses from −100 to −30 mV in 10-mV increments followed by a 25-ms test pulse to −20 mV. Curves were fitted with the equation
where V 1/2 is the voltage for half inactivation, and k is the slope factor.
Recovery from inactivation was evaluated by applying two 25-ms test pulses (P1 and P2) to −20 mV varying the time between them from 40 to 200 ms every 40 ms, and from 400 ms to 1.2 s every 200 ms. P2/P1 was plotted as a function of time.
Data analysis
Data were analyzed using Clampfit 10.3 software (Molecular Devices) and fit using Sigma Plot. All averaged data are plotted as mean ± SE. Statistical analysis was performed using Student's t test, or one-way ANOVA followed by Tukey's test, and p < 0.05 was considered significant.
Results
The Cav3.2 α1 subunit consists of four repeated domains (I-IV), each containing six transmembrane regions (S1-S6) with a voltage sensor domain (S1-S4) and a pore loop between S5 and S6. Two missense mutations in the Cav3.2 CACNA1H gene were identified in a patient with body-wide chronic pain and absence epilepsy by whole exome sequencing. The mutation P769L is located in the intracellular I-II loop, while the A1059S is in the II-III loop of the channel (Fig. 1) . Because the patient is heterozygous for both mutations, all expression studies involved co-expression of two separate cDNA constructs, each carrying one mutation.
Biophysical properties of wtCav3.2 and mutant channels (P769L + A1059S) expressed in tsA-201 cells.
To assess the biophysical properties of the Cav3.2 mutations identified in the patient, we performed whole-cell patch clamp recordings of HA-tagged Cav3.2 channels individually containing the missense mutations P769L and A1059S (coexpressed in tsA-201 cells). For these recordings, the extracellular bath solution contained 10 mM barium as the charge carrier, as well as 120 mM NaCl and 5 mM KCl, along with 1 mM MgCl 2 , 10 mM Tea-Cl, 10 mM HEPES, and 10 mM glucose (pH 7.2) (see BMaterial and methods^). Currents were elicited by stepping from a holding potential of -100 mV to various test voltages. Average current densities (pA/pF) as a function of membrane voltage were consistently and significantly smaller across a range of voltages (from −40 to +20, Fig. 2a ) when compared to wtCav3.2. Boltzmann parameters describing the activation characteristics were also modified in cells transfected with both mutants. The halfactivation potential exhibited a statistically significant right shift (~5 mV) with a change in the slope factor (Table 1 ; Fig. 2b ) without affecting the reversal potential, suggesting a reduction of function. Hence, when both mutants P769L and A1059S are expressed together, stronger depolarizations are required to open the channels due to a shift in the activation potential and voltage sensitivity. This in turn produces a decrease in Ca 2+ influx compared to wild-type channels. Half-inactivation voltage and time course of recovery from inactivation were not different in cells expressing both mutants (P769L + A1059S) compared to wtCav3.2 ( Fig. 2c, d ). There was, however, a small change in the slope of the steadystate inactivation curve (Table 1) . When we recorded the mutants individually, P769L did not show any differences in current density or Boltzmann activation parameters (Table 1) , while the A1059S mutant presented significant smaller current densities, although not as robust as when both mutants were expressed together, and a similar depolarizing shift, as described by our group previously [6] (Table 1) .
To determine if the differences in current density between wtCav3.2 and mutants were caused by reduced expression of the channels at the plasma membrane, we performed cell surface biotinylation experiments followed by western blot analysis. Figure 3a shows that surface expression of mutant channels (expressed either alone or together) do not appear to be different from wild-type channels, suggesting that the observed effects were due to altered channel properties. Figure 3b depicts the corresponding total expression. Quantification of surface and total expression of the channels can be P769L A1059S Fig. 1 Location of the P769L and A1059S mutations in the secondary structure of the Cav3.2α1 subunit. The stars indicate the approximate loci of the mutations seen in Fig. 3c, d , and although there appears to be a decrease in surface and total expression of mutant A1059S, it is not statistically significant (p < 0.12 and p < 0.19, respectively, analyzed by one-way ANOVA followed by Tukey's test).
Biophysical properties of wtCav3.2 and mutant channels (P769L + A1059S) expressed in CAD cells CAD cells are a mouse catecholaminergic cell line that express neuron-specific proteins like synaptic vesicle proteins, resembling a neuronal environment [18] . To investigate the effects of the two missense mutations in this milieu, we transfected CAD cells with either wtCav3.2 channels or both mutants (P769L + A1059S) and recorded their whole-cell Ba 2+ currents (Fig. 4a, b) . To avoid contamination of the recordings from endogenous sodium and potassium channels, we eliminated sodium and potassium ions and instead raised the concentration of extracellular tetraethylammonium (TEA) to 140 mM. Figure 4c depicts the current density-voltage relationship. Although not statistically significant (p < 0.07, at −20 mV), cells expressing both mutants had a slight increase in current density compared to wild-type channels, in apparent contradiction of our results from tsA-201 cells. Boltzmann activation parameters and steady-state inactivation were also not different from wtCav3.2 (Fig. 4d, e and Table 1 ). It is important to note that CAD cells express endogenous voltage-gated calcium channels [19] , including T-type channels [13] . Therefore, for our purposes, we analyzed only cells that had current densities higher than 10 pA/pF. Data from our lab (unpublished) have shown that endogenous T-type peak current density in CAD cells has mean values of~5 pA/pF. The observation that the biophysical effect of the channel mutations appeared to be different in our CAD cell recordings from those obtained with tsA-201 cells could be due to either the different cellular environment or alternatively due to the extracellular solutions. We therefore conducted another series of recordings in tsA-201 cells, but with 140 mM TEA and no sodium or potassium. Remarkably, the switch in recording solutions eliminated the differences in current densities and half-activation voltages between the wild type and the P769L + A1059S condition (n = 35-40, data not shown). Altogether, these data are important in that they reveal recording conditiondependent effects of disease mutations on channel gating.
Discussion
Given the importance of Cav3.2 channels in epilepsy and pain, we investigated the effects of two heterozygous missense mutations in the CACNA1H gene found in a patient with absence epilepsy and body-wide chronic pain. The two mutations, when expressed in tsA-201 cells (in the absence of high concentrations of TEA), caused a significant decrease in whole cell current densities and a slight but significant depolarizing shift in the half-activation potential (~5 mV) (Fig. 2a, b) , indicating a loss of function of the channels. This result is consistent with a previous study from our lab [6] that had already identified the mutation A1059S as a susceptibility variant in individuals with different generalized epilepsies, and which had revealed that the A1059S mutant, when expressed alone in tsA-201 cells, caused the channels to activate more slowly. In the context of both pain end epilepsy, this loss of function is unexpected as gain of function in Cav3.2 channels is normally associated with these conditions [9, 20, 21] . However, when both mutations were studied under conditions where the extracellular medium contained high TEA concentrations and no sodium or potassium ions (in both tsA-201 and CAD cells), the effects of the mutations on halfactivation voltage and current densities were largely eliminated.
The observation that different recording conditions can yield opposite effects of calcium channel mutations is not without precedent. For example, the familial hemiplegic migraine mutation R192Q in the Cav2.1 calcium channel caused a striking 93 % increase in whole cell current densities of channels expressed in HEK 293 cells, while the same mutation caused a decrease in the current density of human Cav2.1 α1 subunits expressed in cultured mouse Cav2.1 α1 −/− neurons. A significant difference in the voltage range of activation (>20 mV) was also found in Cav2.1 channels expressed in HEK 293 cells compared to channels expressed in neurons [22, 23] . This is not only true for voltage-gated calcium channels, as the ion channel properties of neuronal nicotinic acetylcholine receptors (nAChRs) have also been shown to be dependent on the host cell line [24] . In addition, Cummins et al [25] reported that a TTX-resistant sodium channel Nav1.3 showed a different voltage dependence of steady-state fastinactivation (~7 mV more depolarized) and a twofold faster rate of repriming when expressed in DRG neurons compared to HEK 293 cells. Neuronal interacting proteins and molecules that regulate these channels might be necessary for proper channel folding, trafficking, and post-translational modifications. In the present case, the data were consistent across the two cell lines used to characterize the channels, but instead were strongly affected by the ionic composition of the extracellular solutions. While it is possible that the observed changes are due to the absence of physiological ions such as sodium and potassium, it seems more likely that the culprit is TEA, a quaternary ammonium ion with four ethyl groups that could have the propensity to enter the pore of the channel and weakly block ion permeation. Alternatively, this ion could in principle allosterically alter channel gating. However, why ionic conditions affect biophysical changes induced by a condition where two mutant channels are co-expressed in the same cell is unclear, especially since the mutated residues are not exposed to the extracellular milieu. Nonetheless, the very observation that ionic composition can confound investigations into channelopathies is an important consideration for investigators. Over 30 different mutations in the CACNA1H gene have been associated with different forms of idiopathic generalized epilepsies [26] . Many of them result in gain of function, such as causing the channels to activate at more hyperpolarized potentials or inactivate slower, which can generate a greater calcium influx and increased neuronal excitability [7, 27] . However, it is not uncommon to find mutations that do not cause any apparent change in channel function or that cause loss of function. For example, several mutations in the Cav3.2 CACNA1H gene found in patients with absence epilepsy do not affect biophysical properties of channels when expressed in heterologous systems [6, 27] . One explanation could be that rather than causing changes in channel gating per se, they may affect its regulation by second messengers, such as G proteins, phosphatases, and protein kinases. In fact, one of the mutations studied here, A1059S, is located in the intracellular loops II-III, a hotspot for the action of regulatory pathways [28] . It is important to note that idiopathic epilepsies are complex diseases that have polygenic and multifactorial basis [29] . None of the variants found in the human CACNA1H gene so far is sufficiently pathogenic to cause epilepsies on their own, but instead, act in combination with other variants or even environmental factors to push the level of excitability above the seizure threshold. This may explain why some variants are found in unaffected family members and even in control subjects that do not have epilepsy [5, 6] .
To our knowledge, epilepsy patients with gain of function mutations in Cav3.2 calcium channels do not typically present with pain. It has been shown that the point mutation in Cav3.2 channel that underlies the phenotype of Genetic Absence Epilepsy Rat of Strasbourg (GAERS) manifests itself functionally only when introduced into a spliced Cav3.2 splice isoform that carries exon 25-an exon that is prominently expressed in the thalamus [30] , and it is thus possible that epilepsy mutations may differently affect Cav3.2 channel variants expressed in the afferent pain pathway. Alternatively, it is possible that the contributions of Cav3.2 channel to burst firing are different in afferent neurons compared with the thalamic circuitry.
It is important to note that the patient reported here only started showing symptoms at the age of 9 after a case of mononucleosis. Infectious mononucleosis is a non-genetic syndrome whose major symptoms include fever, pharyngitis, and cervical lymphadenopathy, and it is caused by the Epstein Barr virus in 90 % of the cases [31] . Most symptoms tend to disappear in 2 to 4 weeks, although complications, including neurological disorders, can occur. The incidence of neurologic complications from infectious mononucleosis in the literature range from 0.3 % to 7.3 % and include encephalitis, seizures, optic neuritis, facial palsy, and Guillain-Barré syndrome among others [31] [32] [33] . Although most of the neurologic complications from viral infections are acute, it is conceivable that a combination of the mutations in the susceptibility gene CACNA1H and the patient's viral infection combined triggered persistent changes in Cav3.2 channel function, thus giving rise to epilepsy and pain syndrome. Indeed, at least in the afferent pain pathway, Cav3.2 channels can be upregulated in response to inflammation [13] and may potentially undergo changes in splicing, perhaps setting the stage where small changes in channel activity caused by mutations may give rise to pathophysiological consequences.
In summary, we report the first identification of Cav3.2 channel mutations in a patient with persistent pain. The notion that the functional effects of the mutations are strongly dependent on the recording conditions underscores the importance of examining mutant channels in the appropriate intra-and extracellular milieu.
